Bone destruction in chronic gout is correlated with deposits of monosodium urate (MSU) crystals. Bone with MSU tophi were histopathologically shown to have altered remodeling and cellular distribution. We investigated the impact of neutrophils in bone remodeling associated with MSU and demonstrated that neutrophils, through elastase localized at their surface, induced retraction of confluent osteoblasts (OBs) previously layered on calcified matrix. This OB retraction allowed osteoclasts to resorb cell-free areas of the matrix. This neutrophil effect was concentration dependent and time dependent and required direct contact with OBs. Exposure of OBs to MSU greatly promoted neutrophil adherence to OBs. Neutrophil membrane at the contact zone with OBs showed concentrated fluorescence of dye PKH-67, indicating a cellular contact. Neutrophil-OB interaction increased the survival of neutrophils, reduced their release of lactoferrin in presence of MSU and did not change OB-mediated mineralization. The adhesion of neutrophils to OBs was heterotypic through neutrophil CD29/CD49d and OB-fibronectin peptide CS1. Leukotriene B 4 (LTB 4 ) and platelet-activating factor (PAF) were also involved in neutrophil adherence to OBs, as shown by the blocking effect of selective LTB 4 and PAF receptor antagonists, and a cytosolic phospholipase A 2a (cPLA 2a ) inhibitor. Blockade of CD49d/CS1 and inhibition of the cPLA 2a had subadditive effects, reducing by 60% the adherence of neutrophils to OBs. Taken together, these data showed that neutrophil adhesion to MSU-activated OBs was mediated by the b 1 integrin CD29/CD49d-fibronectin peptide CS1 receptors and cPLA 2a -derived metabolites and impacts on OB and osteoclast functions. These interactions could be involved in the local bone remodeling process of gout.
Tissue changes of chronic gouty arthritis have been ascribed to deposition of monosodium urate (MSU) microcrystals and inflammation. The hallmark of chronic gout are intraarticular and periarticular tophi. Urate deposits in bone and intracortical bone erosions during gout have been radiologically shown. 1 These bone erosions have been correlated with intraosseous tophi by using computed tomography. 2 Mechanisms of the altered bone remodeling process responsible for these lesions remain largely unknown. Histopathologically, MSU gives two types of lesions of uratic foci (1) some from adjacent joints are surrounded by an inflammatory tissue and (2) others are found without inflammatory tissue and are 'located in the immediate subchondral bone and even those present deeper in the spongiosa undoubtedly form there, resulting from the direct deposition of urates in the bone marrow', according to Jaffe. 3 These pathological features suggest direct contact between MSU and bone cells.
Fibroblasts, that originate from stromal cells, were present in the inflammatory tissue surrounding MSU crystal deposition in tophi. 3 Fibroblasts were shown to be activated by MSU. 4 MSU also directly activated stromal cells which, in turn, promote osteoclastogenesis. 5 Moreover, osteoblasts (OBs), that originate from stromal cells, undergo functional deregulation by MSU with reduced parameters of bone formation and increased generation of inflammatory mediators like PGE 2 , interleukin (IL)-6, and IL-8. 6 Indeed, stromal cells and OBs are the major source of IL-6 and IL-8. 7 IL-8 is a chemokine that attracts and activates neutrophils, the major cell type involved in gouty arthritis. 8, 9 Neutrophils and their precursors are abundantly present in bone marrow. Interestingly, bone marrow neutrophilia induced by IL-6 was shown to be associated with important histological modifications of bone like low number of OBs and reduction of bone turnover. 10, 11 In gouty tophi with chronic deposits of MSU in bone structures where bone cells can be directly exposed to MSU, mediators like IL-6 and IL-8 can be locally generated and may affect neutrophils. It is also noteworthy that normal and inflammatory neutrophils can adhere to bone cells. 12 Since stromal cells are greatly activated by MSU, it seems possible that neutrophils locally interact with bone cells like OBs during chronic gout. Of relevance to this hypothesis, neutrophils express b2 integrins (CD11a-d/CD18) involved in their adhesion and migration, and the b1 integrin CD29/CD49d (also known as b1/a4) in pathophysiological conditions. [13] [14] [15] OBs also express integrins with potential counter-receptors for neutrophil integrins. 16 The nature of the integrins implicated in the adhesion of neutrophils to human OBs is presently unknown. Neutrophil adhesion to cells also implicates inflammatory bioactive lipids like platelet-activating factor (PAF) and leukotriene B 4 (LTB 4 ). 17, 18 In this study, we investigated the impact of neutrophils in bone remodeling driven by MSU.
We first demonstrated that OB morphology was altered by neutrophils, which strongly adhered to MSU-activated OBs. In the presence of MSU-activated OBs, neutrophils showed increased survival and reduction of lactoferrin (LF) release. These direct OB-neutrophil interactions required the adhesion molecules CD49d/fibronectin peptide CS1, as well as LTB 4 and PAF. We then carried out histological analyses of gouty tophi in bone that confirmed the presence of MSU deposition and neutrophils in bone structures with an altered morphology of adjacent OBs.
MATERIALS AND METHODS Reagents
Cycloheximide, SB203580, PD98069, alizarin red S (ARS) and the cell linker PKH-67 were purchased from Sigma Chemical (St Louis, MO, USA). Calcein-AM, propidium iodide (PI), and CellTracker Orange CMTMR were from Invitrogen Canada (Burlington, ON, Canada). Receptorassociated protein (RAP), b-glycerophosphate, human neutrophil elastase, and neutrophil elastase inhibitor II (MSACK) were obtained from Calbiochem (San Diego, CA, USA). CS1 peptide was provided by American Peptide Company (Sunnyvale, CA, USA). Pyrrophenone, BN52021, CP105696 were respectively from Shionogi (Osaka, Japan), Beaufour (Paris, France), and Pfizer (Groton, USA). PAF and LTB 4 were purchased from Cayman Chemical (Ann Arbor, MI, USA). Antibodies (Ab) were from different sources: blocking rat anti-CD49d IgG2b Ab (clone R1-2; Cedarlane, Hornby, ON, Canada), blocking anti-MadCAM-1 IgG1 mouse monoclonal Ab (mAb) (clone CA102.2C; Bender MedSystems, Vienna, Austria), anti-VCAM-1 IgG1 mAb (clone 1.G11B1; Chemicon, Billerica, MA, USA), anti-CD54-phycoerythrin (PE) IgG1 mAb (clone HA58; eBioscience, San Diego, CA, USA), anti-CD49d-FITC IgG1, anti-CD29-FITC IgG1, anti-CD49e-PE and anti-CD29-FITC IgG1 mAbs (R&D Systems, Minneapolis, MN, USA), and anti-elastase IgG1 mAb (clone NP57; Dako, Denmark).
Cell Preparation
Volunteers signed a consent form in accordance with the Declaration of Helsinki, and the institutional review board of the Université Laval approved the study. Normal human OBs were grown from trabecular bone explants until confluence before they were recovered and plated at starting densities of 0.5-1 Â 10 6 cells/well in aMEM þ 10% FBS with antibiotics. 6 All incubations were performed at the first passage and 80-90% cell confluence in six-well plates (371C, humidified atmosphere, 5% CO 2 ). Confluent OBs were preactivated with 1 mg/ml sterile pyrogen-free triclinic MSU (provided by Dr R De Médicis, University of Sherbrooke; mean size: 10 Â 1.25 mm, as determined by scanning electron microscopy) for 1 h at 371C, and washed twice to eliminate nonadherent MSU. Human neutrophils were obtained from peripheral blood of healthy volunteers, as previously described. 19 Neutrophils were preincubated at 371C 30 min with 1 mg/ml calcein-AM. OBs coincubated with labeled neutrophils (short-term neutrophil adherence with an optimal neutrophil/OB ratio of 20/1) were vigorously washed two times to eliminate non-adherent cells. Since a 1-h contact of MSU with OBs was associated with partly engulfed crystals that could affect neutrophils, 6 amounts of MSU present in OBs and at their surface after washes were measured and averaged 0.52 ± 0.03 mg/ml (n ¼ 6). This latter concentration (half of MSU initially added to OBs) was used to stimulate neutrophils where appropriate. OB retraction (and its reversal) was assessed by using confluent OBs coincubated with neutrophils (neutrophil/OB: 6/1) that were preincubated with elastase inhibitor (100 mM) or with vehicle for 30 min, or by using confluent OBs incubated with purified neutrophil elastase rather than neutrophils. After 48 h of coincubation and two vigorous washes, cells were analyzed by microscopy. OBs or neutrophils were preincubated 30 min with 5 mg/ml blocking anti-CD49d Ab or control rat IgG2b, 10 mg/ml of anti-VCAM-1 or anti-MadCAM-1 mAbs or control mouse IgG1, 150 mg/ml of CS1 peptide, or 5 min with vehicle or 300 nM pyrrophenone (cPLA 2a inhibitor), 20 1 mM BN52021 (PAF receptor antagonist), 1 mM CP105696 (LTB 4 receptor antagonist), 500 nM NS-398 (COX-2 inhibitor), 1 mM indomethacin (COX-1/2 inhibitor), 5 mM SB203580 (p38 inhibitor) or 8 mM PD98069 (ERK inhibitor). All inhibitors and antagonists were used at concentrations optimal for their specific effects in incubation medium containing 10% FBS, and no toxicity (PI exclusion test) on cells was observed as assessed by cytofluorometry.
Microscopy
Five sections of surface areas of each well were studied by microscopy (magnification Â 100) and photographed to count adherent fluorescent neutrophils and to calculate percentages of total adherent neutrophils from the whole population of neutrophils added to OBs. Count analysis was performed with the ImagePro software (Media Cybernetics, Bethesda, MD, USA). Neutrophil effects on OB morphology were observed with an Olympus research inverted microscope CKX41. Count analysis and determination of cell-free area were performed with the ImagePro software. Confocal microscopy assessed the contact zones of neutrophils adherent to OBs. Confluent OBs stained with 2 mM CMTMR (30 min, 371C) were fixed with 4% paraformaldehyde. Neutrophils, previously stained with 4 mM PKH-67 (2 min, room temperature), were added to confluent MSU-preactivated OBs (ratio neutrophils/OB, 20/1), incubated 1 h at 371C and vigorously washed. Analyses were performed with an Olympus Fluoview 300 microscope using Argon-ion (488 nm) and Helium-neon (543 nm) lasers. Forty-three slices of 0.5 mm were scanned (magnification Â 600, plan Apo, NA 1.4 with a kalman filter 3 in order to reconstitute z plans).
Bone sections with gouty tophi were from patients registered in the Department of Pathology that obtained the required informed consents. Bones that contained gouty tophi were without infection. They were decalcified for 18 h using Decalcifier II, as recommended by the manufacturer (Surgipath Medical Industries, Richmond, IL, USA), embedded and fixed in paraffin and processed into consecutive 4-12 mm thick sections using a microtome RM 2135 (Leica, Mississauga, ON, Canada) before staining with hematoxylin and eosin (H&E) or a modified tetrachrome method. 21 MSU was confirmed by polarizing light microscopy. Images were previously captured with Nikon Optiphot microscope equipped with a Dage MTI DC-330 camera.
Mineralization
OBs were seeded at 0.2 Â 10 6 cells/well in six-well plates and maintained in aMEM þ 10% FBS þ 10 mM b-glycerophosphate (371C, humidified atmosphere, 5% CO 2 ). Medium was replaced every 3-4 days during 20 days culture. Neutrophils (6 Â 10 6 cells equivalent to neutrophil/OB ratio of 6/1, corresponding to 30% of total neutrophils added initially) were added or not on washed MSU-preactivated OBs at day 8 and replaced every 2 days. To remove nonadherent neutrophils, cells were washed three times with PBS. Cells were then fixed 20 min with buffered formalin and 40 mM ARS at pH 4.0-4.2 were added for 20 min. After four washes with H 2 O, ARS was extracted by incubating cells with acetic acid. Cells and media were then heated at 851C, pH 4.2 was restored with NaOH, ARS detection was obtained at 405 nm absorbance. 22 
Resorption
Osteoclast-like cells (OCs) were generated from human peripheral blood mononuclear cells, as described. 12 Briefly, peripheral blood mononuclear cells obtained by centrifugation over Ficoll-Paque were resuspended (5 Â 10 6 cells/ml) in MEM supplemented with 10% FBS and depleted of lymphocytes by adherence (5 Â 10 6 cells/ml, 371C, 90 min). Adherent cells that contained OC precursors were incubated with MEM supplemented with M-CSF (25 ng/ml), RANKL (40 ng/ml) and 1,25 (OH) 2 vit. D 3 (10 nM). After 7 days of incubation, adherent cells were treated with accutase and were referred to as human differentiated OCs. OBs (30 000 cells/well in 96-well plates) were cultured on calcified matrix BioCoatt Osteologict Discs (BD biosciences) until confluency in aMEM þ 10% FBS. Confluent OBs were stimulated with 1 mg MSU/10 6 cells for 1 h, as above. Neutrophils (150 000/well) were added to MSU-preactivated OBs and replaced once after 2 days. At day 7, neutrophils were removed and 100 000 differentiated OCs were added to MSU-preactivated OBs. Positive controls of resorption were obtained with OCs directly added on Osteologic Discs. Each experiment (from controls without neutrophils to experiments with added neutrophils) was always carried out with the same source of osteoclast precursors to lead to a similar number of differentiated OCs. Incubations with differentiated OCs were pursued for 13 days before evaluation of resorption pit areas by microscopy, as previously described. 12 Lactoferrin Neutrophils (10 7 /ml) were incubated for 2 h (371C) with 0.5 mg/ml MSU in HBSS alone or with OBs (neutrophil/OB: 10/1) preincubated with or without 200 nM RAP for 3 h (371C). Neutrophils were also incubated with 0.5 mg/ml MSU above cell culture inserts (0.4 mm pore size, BD Falcon, Franklin Lakes, NJ, USA) disposed over OBs preactivated with or without 1 mg/ml MSU. LF in supernatants was measured by ELISA, as described. 23 
Cytofluorometry
To evaluate surface markers, cells were incubated (41C) 20 min with 10% normal goat or human serum (blocking step) and for another 20 min with PE-, FITC-conjugated mAb, or anti-human neutrophil elastase mAb (2 mg/ml) followed by a secondary FITC-conjugated Ab. The cellular viability was analyzed by flow cytometry. OBs (10 6 ) were preactivated or not with 1 mg/ml MSU for 1 h and after two vigorous washes were incubated with or without neutrophils (ratio neutrophils/OB, 10/1) for 48 h (371C) and then removed using accutase. Necrotic and late apoptotic cells were identified by PI incorporation. Neutrophils were incubated for 48 h (371C) with or without confluent OBs in the presence or absence of 0.5 mg/ml MSU, then removed and analyzed by a flowcytometer EPICS-XL (Beckman Coulter, Miami, FL, USA). Four thousand events were counted and neutrophils and OBs were analyzed on the basis of forward and side-light scatters. These cells were easily individualized by their forward-light scatter, which was established at r60 000 and Z100 000 arbitrary units for neutrophils and OBs, respectively.
Statistics
Results are mean values ± s.e.m. Analyses were performed with Instat 3.0 (GraphPad Software, San Diego, CA, USA). Comparisons between two groups were analyzed by paired or unpaired t-tests. Comparisons between more than two groups were studied by a one-way ANOVA with repeated measures and Bonferroni post hoc test. Significance was set at Po0.05.
RESULTS

Modifications of OB Morphology Induced by Neutrophils
Since MSU-stimulated OBs produce IL-8, 6 neutrophils present in bone space are likely attracted towards activated OBs, suggesting possible cell-to-cell interactions. Knowing that MSU can affect cellular viability, 24 the effect of MSU on neutrophil and OB viability was evaluated before studying interactions between neutrophils and OBs. MSU did not alter neutrophil survival, and neutrophils with OBs in basal conditions or with MSU-preactivated OBs showed increased viability ( Figure 1a ). MSU (up to 1 mg/ml) or neutrophils added to OBs did not significantly modify OB viability ( Figure 1b ).
Neutrophils were found to markedly alter OB morphology after 48 h with or without MSU preactivation of OBs ( Figure  1c ). OBs changed from usual cuboidal shape to unusual stellate morphology with polygonal or spindle shape. Confluent OBs typically arranged in palisade-like monolayers were induced by neutrophils to greatly retract with an increase in areas of underlying cell-free substratum (Figure 1c1 , 1c1a, 1c2, and 1c2a). Preactivation of OBs by MSU did not modify the induction of OB retraction by neutrophils ( Figure  1c4 and 1c5). This neutrophil effect on OB morphology was dependent on cellular contact, since it was abrogated by adding a microporous membrane between neutrophils and OBs ( Figure 1c3 , 1c3a, and 1c6). It was also dependent on concentration of neutrophils added to confluent OBs with a threshold of 2/1 (neutrophil/OB ratio) and a significant effect at a 6/1 ratio (Figure 1d ). This latter ratio corresponds to the percentage of neutrophils (30%) that remained adherent to MSU-preactivated OBs (see below), and was used for longterm incubations (424 h). Kinetic studies with a 6/1 ratio showed that this effect was detected within 18 h and was significant after 48 h (Figure 1e ). Neutrophils removed after 48 h of interactions with OBs led to a reversal of the neutrophil effect and continuing the culture for 48 h without neutrophils allowed to cover by OBs 70±9% of cell-free areas ( Figure 1f ). The stellate morphology of OBs that was acquired during contact with neutrophils disappeared and OBs retrieved their palisade-like arrangement (not shown). Interestingly, neutrophils have been shown to induce endothelial detachment and retraction through membrane elastase. 25 After a 24-h incubation of neutrophils with OBs, analysis by cytofluorometry of elastase on neutrophil surface ( Figure 1g ) showed an increased number of elastase-expressing neutrophils from 3.0±0.2% to 9.7±1.2% (P ¼ 0.0018, n ¼ 5, unpaired t-test). Incubation of OBs with purified neutrophil elastase was associated with OB retraction concomittent to a loss of their palisade-like arrangement and an increase of cell-free underlying matrix ( Figure 1h ). The present effect of neutrophils on OB arrangement and morphology was significantly attenuated by preincubating neutrophils with an elastase inhibitor ( Figure 1i ).
Bone Mineralization and Resorption in the Presence of Neutrophils
Could alteration of OB morphology by neutrophils, as demonstrated above, be associated with modifications of OB functions and bone remodeling? Long-term neutrophil effect on OBs cultured in appropriate conditions of mineralization Bone remodeling in chronic gout I Allaeys et al however, similar in both conditions (Figure 2b ). These data indicate that neutrophils, while inducing diffuse OB retraction, did not alter quantitatively matrix mineralization by retracted OBs. However, this mineralization was irregular with ARS concentrated under retracted OBs only. Additionally, these morphologic modifications could be associated with increased bone resorption. Note that OCs are greatly implicated in erosive gout. 5 Differentiated OCs added to MSU-preactivated OBs arranged in confluent monolayers had a very low resorption capacity of the underlying calcified matrix. Neutrophils added to MSU-preactivated OB cultures in the presence of OCs led to appearance of large resorption areas of the cell-free matrix (Figure 2c-e 
Adherence of Neutrophils to OBs
Since OB retraction induced by neutrophils required direct contact, we next determined the adherence capacity of neutrophils to MSU-preactivated OBs. Preincubation of OBs with 1 mg/ml MSU (optimal condition for neutrophil adherence: neutrophil/OB: 20/1) stimulated neutrophil adherence on OBs by 45-50-fold (Figure 3a) . After washes, 28.7±5.4% (n ¼ 12) of the neutrophils added to OBs remained adherent. Neutrophils firmly adhered to OBs with an intimate contact between the two cells (Figure 3b) . The neutrophil membrane in contact with OBs displayed invaginations and expansions with local concentration of the fluorescent dye PKH-67. Alive MSU-preactivated OBs or OBs previously fixed with PFA similarly stimulated neutrophil adherence (data not shown).
Inhibition of Neutrophil Release of LF by OBs
Neutrophil adhesion increases protein release from secondary granules which contain LF, a glycoprotein increasing anabolic functions of OBs while inhibiting osteoclastogenesis. 26, 27 MSU addition to neutrophils stimulated LF release ( Figure  3c ). OBs did not release detectable amounts of LF. Neutrophils added to MSU-preactivated OBs did not show increased LF release (Figure 3c ), which indicates an OB inhibitory effect on neutrophil degranulation. Conditioned medium from MSU-preactivated OBs reduced by 30% only LF release (Figure 3d) . A similar 30% reduction was obtained when neutrophils were not in direct contact with OBs ( Figure  3e ). Since LF is rapidly endocytosed by OBs, similar experiments were performed with RAP that inhibits LF endocytosis. 28 RAP did not alter the inhibition of LF release (Figure 3f ). OBs previously fixed with 4% PFA failed to inhibit neutrophil degranulation in the same conditions (data not shown). Together, these data indicate that live OBs inhibited neutrophil degranulation mainly through direct cell-cell contact, and to a lesser extent by soluble factors.
Integrin Involvement in Neutrophil Adhesion to OBs
A corollary of the above results is that cell-to-cell interactions are important to neutrophil effects on OBs. Adherent neutrophils express the b 1 integrin CD29/CD49d, and various inflammatory conditions increase neutrophil expression of the subunit CD49d. 14, 29, 30 Neutrophils also express the b 1 integrin subunit CD49e.
31 CD29 and ICAM-1 were expressed by OBs, while CD49d and CD49e were not ( Table 1) . None of the integrin subunits studied was upregulated by MSU on OBs ( Table 1) . Stimulation of neutrophils by MSU increased by threefold the number of cells that expressed CD49d with no effect of cycloheximide ( Table 1) .
Preincubation of neutrophils with blocking anti-CD49d Ab inhibited their adhesion to MSU-preactivated OBs by 34% ( Table 2 Table 2) .
The b 1 integrin CD29/CD49d is also known to adhere to the peptide CS1 of fibronectin, which is an extracellular matrix component provided by OBs. 33, 34 Neutrophil preincubation with CS1 peptide significantly reduced the adhesion by 30% (P ¼ 0.0019), a result similar to that obtained with the blocking anti-CD49d Ab. No additive nor subadditive inhibitory effect was recorded by the combined use of the CS1 peptide and anti-CD49d Ab (Table 2 ). These results indicate that CS1 is the only OB counter-receptor for the b 1 integrin CD29/CD49d present on neutrophils. Thus, the heterotypic association of the b 1 integrin subunit CD49d to the fibronectin peptide CS1 accounts for one third of neutrophil adhesion to OBs.
Implication of Bioactive Lipids in Neutrophil Adhesion to OBs
The bioactive lipids LTB 4 and PAF increase neutrophil adhesion to cells by modulating adhesion molecules. 18, 35, 36 These lipids are rapidly produced by activated neutrophils from arachidonic acid and lyso-PAF, which are simultaneously released from 1-O-alkyl-2-arachidonoyl-glycerophosphocholine through the action of the cytosolic phospholipase A 2a (cPLA 2a ). Arachidonic acid is converted in LTB 4 through the 5-lipoxygenase pathway, and lyso-PAF is converted into PAF by a specific acetyl-transferase. Neutrophil adhesion to MSU-preactivated OBs was inhibited by 39% when neutrophils were preincubated with the cPLA 2a inhibitor pyrrophenone, which blocks both the biosynthesis of LTB 4 and PAF. The PAF and LTB 4 receptor antagonists BN52021 and CP105696 reduced neutrophil adhesion by 42 and 38%, respectively. In combination, BN52021 þ CP105696 inhibited neutrophil adhesion to OBs by 69% ( Table 2 ). The effect of pyrrophenone was reversed by the addition of 10 À10 M LTB 4 or PAF (Table 2 ). In further sup- port of a role of LTB 4 and PAF in neutrophil-OB adhesion, 10 À7 M exogenous LTB 4 or PAF increased by threefold neutrophil adhesion to MSU-preactivated OBs. Interestingly, LTB 4 and PAF had no effect on neutrophil adhesion to non-preactivated OBs (data not shown).
NS-398, a COX-2 inhibitor, decreased neutrophil adhesion to OBs by 32%, while indomethacin had no effect. Surprisingly, no reversal of the NS-398 effect was obtained when the end products (or their stable analogs) PGE 2 , PGD 2 , Iloprost, or IBOP were subsequently added ( Table 2 ). These data do not support the involvement of COX-derived products in neutrophil adhesion to OBs, and suggest a non-COX-2-dependent inhibitory effect of NS-398.
The extracellular signal-regulated kinase and p38 mitogenactivated protein kinases both contribute to the activation of cPLA 2a . 37 Preincubation of neutrophils with SB203580 (p38 inhibitor) or PD98069 (ERK inhibitor) decreased neutrophil adhesion to OBs by 24 and 34%, respectively ( Table 2) . Preincubation of neutrophils with SB203580 or PD98069 and pyrrophenone showed no additive inhibitory effects on cell adhesion in support of a common pathway between these MAPK and cPLA 2a .
The effects of pyrrophenone (cPLA 2a inhibitor) and blocking anti-CD49d Ab were subadditive in decreasing the adherence of neutrophils to OBs (Table 2) . Neutrophil adherence was inhibited by 34% with anti-CD49d Ab, and by 39% with pyrrophenone alone, while the inhibition raised to 56% when neutrophils were pretreated with the two agents. The inhibition by the two products added together was significantly higher than that of the products added alone. Thus, even if LTB 4 or PAF could affect the expression of adhesion molecules, these results indicate that the cPLA 2a and CD29/ CD49d pathways can independently regulate the adhesion of neutrophils to OBs.
Altered OBs in Tophaceous Gout
Considering that the histopathology of chronic gout shows urate deposits in subchondral bone and deeper in trabecular bone and bone marrow, 3 the presence of neutrophils close to bone cells is very likely. Paraffin-embedded section of advanced tophaceous deposits showed white chalky and nodular materials corresponding to deposits of MSU in Anti-MadCAM-1 (10 mg/ml) À1.9 ± 11.7 6
Anti-VCAM-1 (10 mg/ml) À17.9 ± 11.4 6 CS1 peptide (150 mg/ml) 29. various tissues including bone structures (Figure 4a ). Intramedullary MSU deposits were visualized alongside the endosteal bone where MSU have been dissolved by formalin. This preparation has left pale amorphous crystal-like hyaline areas surrounded by dense fibrous tissue. Polarized light showed a few remaining crystals (Figure 4b ). Highly concentrated MSU deposits were also individualized directly in bone matrix (Figure 4c ). Several tophaceous nodules were rimmed by inflammatory and necrotic tissues with fibroblasts, giant multinucleated cells, and a mononuclear histiocytic reaction. Certain tophaceous deposits were not surrounded by granulomatous tissue. Modified tetrachrome, which is designed for paraffin-embedded bone after formalin fixation, 21 allowed to visualize irregular mineralized bone. Osteoid (deep blue) was clearly distinguished from normal mature bone (red). Pale bluish nodular deposits of MSU were irregularly surrounded by mature lamellar bone (Figure 4d) . Moreover, few and irregular osteoid tissues were observed with very rare and dispersed OBs, some of which were directly located on osteoid that showed crystals (Figure 4d,  inset) . Interestingly, MSU tophi were also present deeper in the trabecular bone with minor inflammation only Bone remodeling in chronic gout I Allaeys et al (Figure 5a ), that is reminiscent of Jaffe's findings. 3 Polymorphonuclear cells were individualized close to OBs and in the tissues surrounding tophi deeper in the trabecular bone ( Figure 5 ). It is also interesting that bone matrix close to tophi was irregularly calcified as shown by the presence of new incompletely calcified matrix (Figures 4d and 6a) . Osteoid tissues were increased with altered morphology of OBs, which were small and dispersed on the osteoid ( Figures  4d inset and 6a) , rather than large, side-by-side and organized in their typical palisade-like arrangement (Figure 6b ). Many isolated OBs were also included into new osteoid tissues (Figures 4d and 6a ). OCs were also easily individualized in resorption lacunae close to urate deposits (Figure 6c) . The histomorphometric analysis of cortical and trabecular bone (data not shown) revealed a decrease of bone formation (reduction of calcified matrix and OB number), an increase of osteoid tissue, and an important increase of bone resorption (augmentation of eroded bone surfaces and of number of active OCs).
Overall, these data suggest that tophaceous deposits in bone greatly affect local remodeling with an imbalance of endosteal bone turnover characterized by: (1) MSU present in bone tissues, in particular in new bone matrix, (2) reduced number of OBs without typical palisade-like arrangement, and (3) increased OC activity corresponding to a great uncoupling of bone cell activity. Polymorphonuclear cells are present close to OBs and bone tophi lesions. It emerges from these histopathological data (1) that OBs are greatly affected by MSU in chronic gout and (2) that local polymorphonuclear cells could affect bone cell functions.
DISCUSSION
This study demonstrates that OB functions are altered in tophaceous gout and that neutrophils can affect OB functions leading to decreased bone formation and increased bone resorption. Histopathology of gouty bones with chronic tophaceous deposits has shown the presence of crystals in bone tissues, MSU deposits in the bone matrix with altered morphology and organization of OBs, and the presence of polymorphonuclear cells close to bone cells. In this regard, the reversibility and short duration of neutrophil adhesion to OBs that we showed in vitro may account for the difficulty of finding such direct contact in tophaceous tissues ex vivo. However, the present data indicated that progressive MSU deposits have prolonged effects on OBs. While reducing bone formation by OBs, MSU stimulate these OBs to generate Bone remodeling in chronic gout I Allaeys et al inflammatory mediators like IL-6 and IL-8, 6 factors known to attract and activate neutrophils. Thus, these cells that are present locally in bone microvasculature and marrow space in non-pathological conditions, can easily migrate in different inflammatory bone tissues. Interestingly, the neutrophil concentration that significantly affected OB morphology was close to that of neutrophils remaining adherent (30%) to MSU-preactivated OBs. Then, neutrophils in direct contact with OBs, activated or not by MSU, cause OB retraction leading to a cell-free bone matrix vulnerable to osteoclastic bone resorption. Bone regulatory factors like parathyroid hormone and TGF-b can induce OB elongation and retraction with subsequent increased resorption of the cell-free matrix accessible to active OCs. 38, 39 It has also been reported that IL-6 can affect OB arrangement and morphology, and that elastase promotes endothelial cell retraction. 25, 40 Importantly, elastase mobilized by activated neutrophils remains bound to their membrane, and is catalytically active. 41, 42 We show herein that neutrophils in direct contact with OBs induced their retraction, in analogy to monocytic pre-OCs, which have been shown to activate OB retraction through direct interaction with these cells, 43 and that membrane elastase of neutrophils is responsible for OB retraction.
Moreover, even if neutrophil adhesion to OBs was not associated with major changes of OB functions, MSU-activated OBs stimulated neutrophil adhesion to these cells, and in turn adherent neutrophils induced morphological changes of OBs and indirectly favored increased bone resorption by activated OCs. It is noteworthy that OCs are greatly increased in bone with tophaceous deposits and that osteoclastogenesis is strongly activated by MSU crystals. 5 Reciprocal effects of neutrophil-OB interactions secondary to MSU activation of OBs (changes of OB morphology and neutrophil release of LF) required direct contacts between the two cell types, suggesting a functional importance of the pathways involved in cellular adherence. As visualized by confocal microscopy, adhesion of neutrophils to OBs showed a concentration of the membrane lipid dye at the anchorage zone of neutrophils to OBs. This dye accumulation is reminiscent of that reported for neutrophils adherent to endothelial cells. 44 It is also useful to stress that invaginations of neutrophil membrane at the contact area with OBs might correspond to a ruffled border facilitating exchanges, as reported in adherent neutrophils. 45 On the other hand, even if the duration of neutrophil adherence to OBs is relatively short (similar numbers of neutrophils adhered to OBs after 2 and 4 h post-addition of neutrophils to MSU-activated OBs; after 18 h, these neutrophils were viable but non-adherent; data not shown), it is noteworthy that (1) neutrophil-OB interactions rapidly alter cellular functions, (2) OBs in the presence of MSU (crystals that persist in bone tissues) chronically produce factors chemotactic for neutrophils, and (3) each OB which is much larger than neutrophils can interact with several neutrophils.
The mechanisms of neutrophil adhesion to OB implicate, at least, the b 1 integrin CD29/CD49d present on neutrophils and the fibronectin peptide CS1 as the OB counter-receptor. The inhibition of neutrophil adherence to OB by the antiCD49d antibody suggested that CD49d was involved in the adhesion. This is in agreement with the increased expression of CD49d by neutrophils, as previously reported, 29 and its lack of expression by OBs. In the experimental conditions Figure 7 Schematic representation of pathological sequences associated with MSU deposits in bone. (1) Initiation: progressive MSU deposits in bone tissues where osteoblasts (OB) have the capacity to ingest crystals leading to reduction of bone formation and to production of inflammatory mediators. 6 Cytokines like IL-6 and IL-8 produced by MSU-activated OBs are known to affect neutrophils that are greatly present in bone spaces. 11, 60 (2) MSU-activated
OBs share the function of greatly inducing adhesion of locally present neutrophils which in turn induce OB retraction. (3) Cell-free matrix related to OB retraction becomes vulnerable to functionally active OCs locally present. Bioactive lipids like PGE 2 generated by MSU-activated OBs activates OC functions that are also largely stimulated by MSU-activated stromal cells. 5 The overal effects of neutrophil-OB interactions in the presence of MSU are increased neutrophil survival, promotion of important bone resorption with no possible compensation by bone anabolic effects of lactoferrin (LF), which is reduced by neutrophil-OB interactions. Direct interactions of neutrophil with OBs are possible through the a4 subunit CD49d of b 1 integrins and the fibronectin peptide CS1. These interactions are also affected by PAF and LTB 4 , bioactive lipids that are known to impact on cellular adhesion through PAF receptors and release of granules. 17, 18 OB retraction induced by neutrophils require direct contact of OBs with neutrophils leading to the effect of neutrophil elastase located at the membrane.
Bone remodeling in chronic gout I Allaeys et al used, 30% of the neutrophils initially added adhere to MSUpreactivated OBs. Interestingly, the blocking anti-CD49d antibody inhibited the binding of about 40% of those 30% adherent neutrophils, indicating that only 12-15% of the neutrophils can adhere to OBs in a CD49d-dependent manner. Notably, this value corresponds to the percentage of neutrophils expressing CD49d after MSUM stimulation. Moreover, the function-blocking anti-CD49d antibody (clone R1-2), which was raised against a subunit (B1 epitope) involved in heterotypic binding, 46 and our findings of the fibronectin peptide CS1 as a counter-receptor of CD49d, confirmed that neutrophil adhesion to OBs is heterotypic. In agreement, the blocking of CD49d or of CS1 similarly inhibited the adherence of neutrophils, and other counterreceptors of CD49d such as VCAM-1 and MAdCAM-1 were not implicated. Moreover, even if the b 2 integrins (CD11a-d/ CD18) are involved in the adhesion of neutrophils to the vascular endothelium and their transendothelial migration during inflammation, 13 these integrins were previously shown to be non-involved in neutrophil adhesion to MSU-preactivated OBs. 47 Adhesion of neutrophils to various cell types supports key regulatory processes of inflammation. For example, interactions between neutrophils and inflammatory fibroblasts increase neutrophil survival. 48 The present results add the OBs to the cell types that enhance neutrophil viability. Interestingly, OBs have been shown to promote the survival of hematopoietic progenitor cells through cell-cell interactions that depend in part on the b 1 integrin CD29/CD49d. 49 On the other hand, large amounts of LF are present in neutrophils, and partially engulfed MSU by OBs could activate neutrophils to release LF known to increase bone formation. 26 However, OBs inhibit neutrophil release of LF in response to MSU. Thus, the prolonged survival of neutrophils in the presence of MSU and OBs might enhance deleterious effects of neutrophils on bones, particularly since MSU stimulate neutrophil production of reactive oxygen species that can alter mineralization. 50, 51 Washings of MSU-preactivated OBs remove non-phagocytized microcrystals; however, 1 h after exposure of OBs to MSU, phagocytized crystals remain incompletely engulfed and therefore may activate neutrophils. 6 That neutrophils were still able to adhere to MSU-preactivated OBs fixed by paraformaldehyde implicate that activation of neutrophils by MSU-activated OBs can occur through at least two distinct mechanisms (1) stimulation by incompletely engulfed crystals and (2) stimulation by the OBs through adhesion molecules (CD29/CD49d-CS1). Interestingly, neutrophil interaction with MSU rapidly causes the release of inflammatory bioactive lipids. 52 The 39% inhibition of adhesion by pyrrophenone (a cPLA 2a inhibitor) and its reversal by 10 À10 M LTB 4 or PAF confirmed the role of these lipids in neutrophil adherence to OBs. The importance of both lipids was also underscored by the dose-dependent stimulatory effect of both mediators (up to 335±67% and 206 ± 23% at 10 À8 M LTB 4 or 10 À7 M PAF, respectively) on neutrophil adherence to OBs, an effect that required OB preactivation by MSU (data not shown), and by the inhibitory effects of LTB 4 and PAF antagonists. Both lipids have been shown to increase neutrophil adhesion to other mesenchymal cells. 17, 18 Importantly, PAF and LTB 4 directly act on neutrophil adhesion to MSU-preactivated OBs since PAF and LTB 4 antagonists showed additive effects. Hence, PAF has been reported to stimulate elastase mobilization at the membrane of neutrophils, in particular at the active front of migrating neutrophils. 53 This stimulation might be associated with the neutrophil-induced retraction of OBs, as discussed above. On the other hand, LTB 4 has been shown to activate neutrophil adhesion by increasing neutrophil surface expression of prestocked b 2 integrin. 54 However, neutrophil adhesion to MSUM-preactivated OB was not inhibited by blocking the b 2 integrin pathway. 47 Taken together, these data and the observation of the partially additive effects of pyrrophenone and anti-CD49d Ab demonstrate that the effect of LTB 4 in neutrophil adhesion to MSU-preactivated OBs is partly independent of the b 1 and b 2 integrin pathways investigated. On the other hand, the absence of additive effects of p38 and ERK inhibitors with pyrrophenone on neutrophil adhesion to OBs is compatible with the implication of p38 kinase and ERK in the regulation of cPLA 2a , as previously reported. 37 Furthermore, COX-derived products were not involved in neutrophil adhesion to OBs since indomethacin, which inhibits both COXs, did not modify this adhesion. The absence of reversal effect of PGs, IBOP, or Iloprost on NS-398-induced inhibition suggests a non-COX-2-dependent inhibitory effect of NS-398. Accordingly, NS-398 possesses inhibitory activities independent of COX-2 and PGE 2 . 55, 56 In conclusion, MSU promote the adhesion of neutrophils to OBs via CD49d/CS1, LTB 4 -and PAF-dependent mechanisms. These findings highlight novel aspects of the deregulation of bone physiology in lesions of chronic gout where bone cells are in direct contact with MSU. By releasing IL-8 and IL-6, and by enhancing neutrophil survival, OBs can be implicated in the local inflammatory process of gout. Accordingly, in vivo experiments in rodents have shown the capacity of neutrophils to inhibit OBs and activate OCs, whereas LF had the opposite effects. 26, 57, 58 Inflammatory conditions also stimulate neutrophil expression of regulatory factors involved in bone remodeling like RANK, RANKL, and OPG. 12, 59 Therefore, neutrophil adhesion to OBs could impact several regulatory mechanisms of cellular functions implicated in the abnormal bone remodeling observed in chronic gout as summarized in Figure 7 . It emerges from the present findings that neutrophils and OBs might be important players in bone lesions of chronic gout, and may represent targets for therapies and prevention of bone damage.
